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INTRODUCTION
Nowadays, the contamination of soils and water with heavy metal cations leads to important environmental concerns. [1] [2] [3] The presence of these contaminants is mainly due to industrial activities. While extensive studies have been devoted to the remediation in water through the use of plants [4] [5] [6] or minerals as adsorbants (apatite, iron oxides nanoparticles…) [7] [8] [9] [10] [11] , the depollution of soils requires other considerations. In the context of soil remediation, trace elements cannot be destroyed like organic contaminants but only be relocated from one place to another. Indeed, the presence of nutriments and inorganic salts essential for the ecosystem are often co-adsorbed with the heavy metal cations. Therefore, it is important to develop new selective platforms capable to hinder the spread of contaminants in soil.
Clay minerals are one major component of soils and sediments. Due to their natural abundance, they are inexpensive and biocompatible. In addition, their chemical and mechanical stability, high surface area, cationic exchange capacity and structural properties make them good candidates for applications in many fields including remediation. Clay minerals are easily functionalized, making them a modular material. Several works have been reported on the use of clay minerals as a potential platform for heavy metal retention [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . From these studies, it appears that the adsorption of heavy metal cations on clay minerals strongly depends on the pH of the media and becomes much less effective in acidic solutions. The interaction is usually described in terms of two basic mechanisms: (a) cation exchange in the interlayers [22] , (b) inner-sphere complexation with -OH groups at the edges and/or at the surfaces of the clay mineral.
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In spite of the huge amounts of papers reporting the use of untreated clay minerals for the heavy metal retention, the cation exchange capacity is not enough for large-scale applications and seems restricted to model system remediation. In order to increase the selectivity and the adsorption capacity for heavy metal cations, the immobilization of chelating agents on clay minerals has been widely studied. Vermiculite modified by different acids such as lactic acid, tartric acid, citric acid and malonic acid have been used for the chelation of different metal ions such as Pb 2+ , Cd 2+ , Ni 2+ and Zn 2+ [23, 24] . Singh et al. [25] reported the immobilization of citrate and glycine as chelating agents on kaolinite and their ability to complex Hg 2+ . Two major functional groups have been found to be responsible for the binding of Hg 2+ to kaolinite, i.e., carboxylic group (O-ligand) and amine group (N-ligand).
The use of amino acids as additives is suggested by their binding of heavy metals in soils.
The interactions between these biomolecules and various inorganic matrices including clay minerals have already been reported [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] .
One amino acid, L-cysteine, appears particularly interesting for remediation processes. Due to its β-thiol group in combination with the carboxylate and amino groups, L-cysteine has the highest affinity to soft (according to Pearson's definition) metal ions [36] . The adsorption of cysteine on bentonite and montmorillonite was investigated and different parameters were studied including temperature, pH and contact time. The amount of adsorbed cysteine was pH dependent [37] and the quantity of Cd 2+ retained was found to be 20 % higher on the composite than on raw bentonite. On beidellite and montmorillonite, Cu-cysteine complexes were more retained in the interlayer space than Cu-glycine [38] . Different papers [39, 40] have reported on the chelation effect of metal ions with cysteine intercalated in the interlayer space of montmorillonite. The thermal stability of these resulting complexes with Hg 2+ was the highest 6 on cysteine vermiculite and montmorillonite composite. Kaolinite was also tested with cysteine and a 1:1 complex was observed with Cd 2+ .
All the reported works until now described the adsorption capacity of the clay minerals toward heavy metal cations. While various characterization techniques were employed on the cations-clay mineral solids, the use of a combined theoretical and experimental approach is now state-of-the-art.
Cysteine interaction with cations has been studied in the gas phase at DFT level [41] , and the modeling of clay-cation-water systems, especially montmorillonite systems have been studied using a molecular description of the solvent and clay sheet [42, 43] . Earlier we have investigated L-DOPA and other amino acids intercalation in Saponite [44] .
The purpose of the present work is to investigate at the molecular level, the capacity of Experimentally, the use of 13 C solid state NMR spectroscopy has allowed to define the interactions between the metal ions and the organic molecule, an aspect which has not been deeply studied yet in the literature. The reversibility of the adsorption (the cations release) has also been investigated. The importance of theoretical chemistry for intercalated materials is crucial since it confirms the experimental data.
EXPERIMENTAL PART

Characterization
X-Ray powder diffraction (XRD) was carried out with a Bruker D8 Avance diffractometer using the Cu Ka radiation (wavelength l = 1.5404 Å). XRD patterns were recorded between 3 and 70° with a step size of 0.05°. Thermogravimetric analysis (TGA) of the samples 7 was performed on a TA Instruments -Waters LLC, SDT Q600 analyzer with a heating rate of 5 °C min -1 under dry air flow (100 mL min -1 ). Transmission Electron Microscopy (TEM) measurements of the samples were performed on a JEOL100CX microscope. Samples in the form of bulk powders were suspended in ethanol and then deposited on specific grids (400 mesh copper grids covered with an ultrathin carbon membrane of 2-3 nm thickness).
N2 adsorption isotherms were recorded on a Micromeritis ASAP 2010 gas analyzer.
Specific surface areas and pore volumes characteristics of materials were determined by the BET and BJH models from nitrogen adsorption/desorption experiments carried out at 77 K on samples outgassed at 250 °C for 4 h prior to analysis.
UV absorption spectra have been recorded by using a double-beam Varian Cary 500 UVVis spectrophotometer in the 400-1000 nm spectral range.
IR of solid samples was recorded in the transmission mode on self-supported pellets in a cell fitted with KBr windows. Samples may have two positions in the cell, in the oven, allowing in situ thermal treatments under vacuum or various atmospheres, and roomtemperature recording of spectra without reexposure to air. FT-IR spectra were recorded on a added to 100 ml of cysteine solution (10-1 M) at natural pH (4.4). The suspensions were stirred at a constant rate at room temperature. The adsorption kinetics was followed in a preliminary experiment Thus, the adsorption was allowed to reach this apparent equilibrium, and then the tubes were centrifuged at 9000 rpm for 15 min. The products were dried in an oven at 70°C. The suspensions were stirred at a constant rate at room temperature. After 24 hours, the suspensions were centrifuged at 9000 rpm for 15 min. The product was dried in an oven at 70
Adsorption of metal ions on
°C. The amount of adsorbed heavy metals was analyzed by X-Ray fluorescence.
The desorption of heavy metal cations from heavy metals-Cys-Mt systems was evaluated as follows: 1 g of the system to be tested was dispersed in 100 mL of a 0.01M solution of either NaCl or SrCl2; after 24 h under stirring, the solid was separated by centrifugation, oven-dried and its elemental analysis was carried out by XRF. The remaining amount of heavy metal was expressed as a percentage of the initial loading.
Computational details
3.1.DFT geometrical configurations and molecular dynamics calculations.
All calculations were performed using the ab initio plane-wave pseudopotential approach as implemented in the VASP code [46, 47] . The model is presented in Figure 1 (details on DFT calculation are presented in supplementary data). DFT geometrical configurations and molecular dynamics calculations.
The Perdew-Burke-Ernzerhof (PBE) functional [48, 49] was chosen to perform the periodic DFT calculations; the accuracy on the overall convergence was tested elsewhere [50] .
The valence electrons were treated explicitly and their interactions with the ionic cores are described by the Projector Augmented-Wave method (PAW), [23, 51] which allows to use a low energy cutoff equal to 400 eV for the plane-wave basis. The integration over the Brillouin zone was performed on the point, in all calculations.
The potential energy surfaces (PES) were systematically explored by ab initio molecular dynamics at 300 K, starting from several configurations. The time step was set at 1.5 fs; several starting conformations were considered (but no statistic was performed on the starting conformations) and the run was stopped when an average stable conformation was reached during 500 fs or more; we used a micro-canonical ensemble in the NVT (constant number of molecules, constant volume and constant temperature) approach. To avoid fluctuations due to the large time step chosen, the mass of the hydrogen atom was set to 3. The local minima found 10 in the PES were then optimized at 0 K. It is noticeable that this MD approach allowed us to find the minima of the PES showed in the present paper, which were not intuited beforehand.
In the geometry optimizations at 0 K, the positions of all atoms in the supercell are relaxed in the potential energy determined by the full quantum mechanical electronic structure until the total energy differences between the loops is less than 10 -4 eV.
3.2.The heavy metals/montmorillonite/cysteine model.
The montmorillonite material model is built starting from the neutron diffraction data of Gournis et al. [52] Montmorillonite clay has a molar weight per (dry) unit cell of 725.73 to 751.40 g/mol corresponding to the general formula:
, where x = 0.2 to 1.2.
(1)
The synthetic montmorillonite used in our experiments has x = 0.2, but the degree of substitution in the model cannot be varied continuously due to the finite number of atoms in the unit cell. Therefore, the formula of bulk Na-montmorillonite half unit cell used in our model is the following:
In other words x is set equal to 0.17, slightly underestimating the Al and Na content, This value can be modeled easily as it corresponds to an integer number of substitutions in six unit cells (one Mg, and therefore one Na). Therefore, the number of atoms and geometric size remain reasonable.
Thus, the model consists in a (3×2×1) supercell see Figure 1 , with the following general formula:
NaAl23Mg Si48O120(OH)24 ( 3) together with the desired amount of water molecules were introduced in the model and short MD runs were generated to obtain realistic interatomic distances and select starting geometries in order to perform full geometry optimizations. This strategy allowed obtaining the different hydrated clay materials which were later used to investigate the cysteine heavy metal montmorillonite systems.
To obtain a realistic model of a clay mineral in contact with an aqueous solution, a certain number of water molecules must be introduced in the interlayer. For each tested system, we selected the integer number that was closest to the experimentally determined water content, expressed per six unit cells.
Once the Mt model is built, the interlayer space is expanded to introduce the water molecules and cysteine, in accordance with the experimentally observed conditions. It must be underlined that the clay model is a three dimensional repeating unit cell and not a single slab (surface) clay model, using periodic boundary conditions according.
In summary, the cysteine-montmorillonite model is constituted of 8 different atomic species: H, C, N, O, Na, Mg, Al, Si and contains about 240 atoms, the exact figure depending on the number of water molecules considered.
The interaction energy per Cysteine molecule was calculated as follows:
With E(Mt,cation,2.Cyst,(n-4).H2O) the total energy of the Cysteine loaded hydrated Mt, E(Mt,cation,n.H2O) the total energy of the hydrated Mt, E(Cyst) the total energy of one cysteine molecule in vacuum, and E(H2O) the energy of one molecule of water in vacuum. In to the "one-water layer" form. After cysteine adsorption, the d001 increases to 1.49 nm indicating that at least part of the cysteine molecules is intercalated in the interlayer space of the montmorillonite (Table 1) .
The interlayer spacing, about 0.53 nm, is higher than the value expected for a cysteine molecule lying flat in the interlayer (0.32 nm). On the basis of standard covalent radius and bond length values, it seems to correspond more closely to the form shown in the right part of 
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Thermogravimetric curves are presented in Figure 4 and Figure 5 . With respect to the initial montmorillonite, the DTG curve of the Na-Cys-Montmorillonite composite shows an additional, sharp exothermic phenomenon in the 200 -300 °C domain, which is obviously correlated with an oxidative degradation of the amino acid; a simple desorption would yield an endothermic peak. The integration of this peak yields a value of 4.3% of the dry matter. The total weight loss excess in the 200 -800 °C range amounts to 6.98 % of the montmorillonite dry weight, and we believe that this constitutes a good estimate of the cysteine content. This would correspond to 0.43 molecules per unit cell, which is certainly not excessive. Indeed, taking into account the available surface of the interlayer space (45×10 -2 nm 2 , a×b) and the surface that a cysteine chain (28×10 -2 nm 2 calculated by assimilating the organic matter to a cylinder; l×L, l, and L were determined taking into account the C-H, Si-C and S-H bounds)
occupies, the interlayer space could contain 1.5 organic chains per unit cell ( Table 2 ).
The treatment with cysteine also produces a slight decrease in water content, due to the fact that cysteine displaces water molecules in the interlayer. Another reason is the lower affinity for water of many organic molecules, such as cysteine, when compared to inorganic cations.
4.2.Heavy metal-montmorillonite.
The adsorption of heavy metal cations by cationic exchange induces a slight decrease in the d001 except in the case of mercury ( Figure 2 ). The d001 values of the different heavy metals-Mt systems are summarized in Table 1 . They are intermediate between the values corresponding to a one-water layer and a two-water layer montmorillonite, possibly due to random interstratification. Thermal analyses provide independent information on water content ( Table   2 ). The DTG traces of the as-synthesized montmorillonite exhibit a strong endothermal peak 14 at Tmax = 78 °C corresponding to dehydration, with a weight loss of 6.4 % of the dry weight, and two peaks at about 420 °C and 660 °C which are attributed to clay layers dehydroxylation (Table 2 ) [54] .
After adsorption of heavy metal cations the dehydration peak is still apparent in the DTG curve (Table 3) , but often with a high-temperature shoulder between 94 and 188°C. This event was also endothermal and could correspond to the elimination of a different kind of water molecules, e.g. those strongly bound to the metal cations. The initial water contents were calculated on the basis of these two peaks. They vary in a rather limited range, corresponding to between 2.3 and 2.8 molecules per unit cell. It may be interesting to note that the water content is inversely correlated to the metal ion hydration enthalpy (which is a negative quantity). Table 4 indicates the amounts of each heavy metal cation adsorbed by the untreated montmorillonite in our conditions. The affinity of the different divalent cations for the montmorillonite adsorbent varies significantly, the lowest one being observed for cadmium and the highest one for zinc.
The affinity data obtained from adsorption values are plotted as a square diagram in Figure 6 (equivalent fraction in ion exchanger, ZM2+, plotted as a function of equivalent fraction in solution, SM2+, at equilibrium). It can be seen that only Zn 2+ distributes evenly between the solution and the adsorbed phase, while all other cations have a lower affinity for the clay lattice than the original cation, Na + , which is maybe unexpected as many adsorbents favor divalent over monovalent cations. However, a single point is obviously not enough to characterize the behavior of an ion adsorbent, and these data could correspond to several different adsorption mechanisms. In the concentration region that we investigated, the affinity for the clay matrix scales as: Cys-Mt where it was displaced to higher temperatures by 90 °C Figure 5 . We can assume that for both the Cu 2+ and Hg 2+ cations, the cation-cysteine interaction is significantly different from the other cases, resulting in a higher (for Cu 2+ ) and lower (for Hg 2+ ) reactivity of cysteine towards oxidative degradation, respectively. This interpretation is comforted by the fact that for Hg-Cys-Mt, two minor peaks can be seen at the same position as in the reference, in addition to the larger ones shifted to high temperature. This is easily explained if a small amount of cysteine is not interacting with the mercury cations.
In the higher temperature range (above 300 °C, range 3), the clay dehydroxylation peaks were still apparent, and quantification suggested that the remaining part of the organic matter was also eliminated in this range (there is a correlation between mass loss excesses in the 200
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-300 and 300 -800 °C ranges, with  = 0.81). The amount of cysteine was estimated on the basis of the excess mass loss in ranges 2 and 3 with respect to the raw montmorillonite. Table   2 summarizes the quantitative results obtained for these systems. After contact with the heavy metals solutions, the amount of cysteine in the composite material falls from 7.0 % to a value between 4.3 and 4.9 % ( Table 2) . Once again the Hg 2+ cation stands apart from the rest as it allows the composite to keep 6.0 % of cysteine. The corresponding cysteine/metal cation ratios are shown in Figure 7 .
Quantification of TGA results for heavy metals-Cys-Mt results.
In general, the heavy metal-Cys-Mt systems contain amounts of water intermediate between With respect to the as-synthesized montmorillonite, the cysteine-montmorillonite composite is able to adsorb a larger amount of heavy metal cations. It may not be rigorously correct from the thermodynamical point of view to represent the adsorption data on a square diagram giving ZM2+ as a function of SM2+, since the adsorption mechanism is not a simple ion exchange (cf. infra). However, this representation is provided in Figure 8 , as it allows easy comparison between the selectivities of the various systems. For all heavy metal-Cys-Mt systems, the data points fall above the diagonal line, indicating that the adsorbent now exhibits selectivity for the divalent metal cations, in stark contrast to the case of cysteine-free heavy metal-Mt systems.
Spectroscopic data.
Characteristic framework vibration modes of Si-O-Si (1019 -1130 cm -1 ), Si-O-Al (550 cm -1 ), and Si-O-Mg (400 cm -1 ) are present in all samples, as they are due to the clay matrix ( Figure 9 , Table 5 ). The infrared spectra of Cys-Mt is compared with that of bulk cysteine in Figure 9 . It displays a series of bands that can be assigned to the adsorbed cysteine; their assignments are summarized in Table 5 based on the work of Pawlukojc et al. [55] . Therefore, cysteine is not in the cationic form, and its adsorption mechanism does not involve cation exchange. Actually, the experiences on pH dependency showed that the amount of cysteine adsorbed is maximal at pH 4.4 when the amino acid speciation favors the zwitterion, and decreases significantly at lower pH when it is cationic. This means that even when there is cationic cysteine in the solution, its adsorption by cation exchange is not favored. A very weak signal is observed at about 2590 cm -1 and could be due to the -SH functions.
The IR spectra of all heavy metals-Cys-Mt systems are very similar to that of Cys-Mt, with only insignificant shifts (data not shown). This appears to mean that the bonding state of cysteine is the same in all systems, at least as regards the carboxylate moiety. We can also precise that data on the thiol function are imprecise and difficult to use due to the low extinction coefficient of the corresponding band. Thus we will not discuss this part of spectra in detail.
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The samples were also characterized by 13 C NMR spectroscopy ( Figure 10 ). In the reference spectrum of bulk cysteine, all three carbons give sharp signals, at 30.3 ppm for C1
(thiol function), 58 ppm for C2, and 176.1 ppm for C3 (carboxylate). The same signals can be identified for Cys-Mt and heavy metals-Cys-Mt that were amenable to study, but as shown in Table 6 , the C1 and C2 signals are split for Cd-Cys-Mt, Hg-Cys-Mt, Pb-Cys-Mt, and possibly also for Zn-Cys-Mt. This suggests the coexistence of two populations of cysteine in different bonding states in these samples. The shift is stronger for C1 than for C2, and at first sight this might indicate that the difference concerns the bonding state of the thiol, but the response of the different carbons of an amino acid to bonding is sometimes counterintutive 50 .
No spectra could be acquired for Co-Cys-Mt, Ni-Cys-Mt or Cu-Cys-Mt, due to the strong paramagnetic interaction with the metal cation.
Molecular Modeling.
The molecular state of cysteine and metal cations was studied for three different systems:
Cd 2+ , Pb 2+ , and Zn 2+ -Cys-Mt( Figure 11 , Table 7 ).
For each heavy metal cation, we tested three possible modes of interaction with the cysteine, in 4-coordinated metal-ligand complexes: through the carboxylate moiety, in a chelating mode (carboxylate + thiol), and only through the thiol function. Actually in some cases siloxane oxygens from the clay layers above and below the complex may be considered to act as ligands, yielding a (4+2)-coordinated complex, but they are not shown in the Figure   11 for the sake of clarity.
The Cys/metal ratio was 2 except for the chelate, vacant coordination positions were filled with H2O molecules. The optimized conformations obtained after energy minimization are 19 shown in Figure 11 . It should be noted that in some cases metal-ligand bonds were broken in 
Zn 2+ has the highest affinity for cysteine, closely followed by Cd 2+ , which follows the trend calculated by Belcastro et al (2005) [41] for the cations in the gas phase. The weakest interaction with cysteine is found for the Pb 2+ cation. This is to be compared with the affinity based on partition coefficients as determined above: Zn 2+ > Pb 2+ > Cd 2+ . The difference can most probably be assigned to the fact that the experimental trend is estimated for adsorption from an aqueous phase.
As regards the lattice parameters listed in Table 7 Although most cysteine species are geometrically parallel to the clay layers, some fraction of the cysteine might be standing perpendicular to the clay layers.
4.4.Adsorption reversibility and heavy metals retention data.
Figure 12 presents the quantities of heavy metals retained after washing with either NaCl or SrCl2 solutions, expressed as percentages of the initially fixed amounts. Not surprisingly, the SrCl2 treatment is more efficient to remove divalent cations from the matrix in all cases. The efficiency of leaching is very different from one cation to the next, with mercury being almost completely removed and cadmium to a large extent.
Heavy metals-Cys-Mt systems always retain comparable or higher metal contents than heavy metals-Mt systems. In the case of NaCl washing, the better performance of cysteine-
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containing matrices is evident for mercury and to a lesser extent for cadmium retention. The benefits of cysteine are more evident when washing with SrCl2, where four systems out of six show a significant improvement of retention as compared to cysteine-free systems. Yet SrCl2 washing can still leach over 80% of the adsorbed cations in several instances. When comparing the three systems that were the object of our modeling study, the order of metal retention was Zn 2+ Pb 2+ > Cd 2+ for heavy metals-Mt systems, but it is altered in the presence of cysteine where the retention of Pb 2+ and Cd 2+ becomes more efficient.
From an empirical point of view, the introduction of cysteine in a composite material has indeed a positive effect on heavy metal ions trapping. While the raw clay (Mt) has only little affinity for all ions tested, the Cys-Mt complex does show a significant preference for all of them over Na + . In fact, the differences between adsorbed amounts of all heavy metals tested were rather marginal.
This may indicate that interlayer cysteine is able to form coordination complexes with high affinity for all tested heavy metal cations. Table 8 The fixation of heavy metals by our matrices is largely reversible if the samples are washed with solutions of high ionic strength, especially if they contain the divalent cation Sr 2+ . The amount released is highly variable, depending on the heavy metal cation, with Hg 2+ being almost completely removed from cysteine-free montmorillonite. The use of a cysteine-clay composite proved to be beneficial regarding this criterion too, indeed as it increases the amount Apart from these phenomenological conclusions, one can try to provide a more precise picture of heavy metal-cysteine interaction/bonding, based on spectroscopic data. The IR spectra showed that cysteine is present in a different molecular environment in heavy metalsCys-Mt as compared to bulk cysteine and adsorbed cysteine, as expected if coordination complexes are formed. They also suggest that the carboxylate and ammonium moieties are in very similar environments in all cases. The ammonium is indeed unable to establish coordinative bonds; as regards the carboxylate, it should either be always uncoordinated, or always coordinated. The latter possibility appears more likely. We may recall that no firm conclusions can be drawn from IR regarding the state of bonding of the thiol functional group.
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C NMR data are compatible with IR in that the signal of the carboxylate moiety is similar between the four heavy metals-Cys-Mt that could be studied by this technique. Conversely, the carbon bearing the thiol functional group undergoes significant shifts in some samples; or rather, it shows the coexistence of shifted and un-shifted signals, which might correspond to coordinated and uncoordinated thiols. This point may be discussed in relation to the cysteine/heavy metal ratio, which stands at 1.5 to 1.8 in most cases. This ratio seemed to be closer to 2 and was the basis for our choice of coordinating two cysteine molecules in molecular modeling. However, we have proposed earlier that coordinated cysteine molecules could coexist with uncoordinated ones standing upright in the interlayer, and accounting for the high d001 values. If this is true, the cysteine/metal ratio in the complexes should be closer to 1:1. [57] . However, the IR data suggest instead that the carboxylate is coordinated in all cases, while the thiol may be coordinated or not. This discrepancy could possibly be due to the fact that we adopted a 2:1 cysteine:metal ratio instead of a 1:1 ratio. The cysteine orientation within the clay interlayers must also be taken into account. Although the most stable geometries of cysteine-M complex in the clay is orientated parallel to the layers, some complexes might be metastable, oriented perpendicular to the clay layers, due to entropic/steric effects.
Conclusion
In conclusion, composite adsorptive materials based on cysteine and montmorillonite have been successfully prepared and characterized in depth. The raw montmorillonite and the composites were tested for heavy metal retention. The experimental results indicate the capacity of our composites to chelate heavy metal cations. Indeed, a high affinity between the cysteine and all heavy metal cations was observed. In contrast, in the absence of cysteine, in general, the affinity is very low between the cations and the clay mineral. The chelation in presence of this amino-acid has a direct effect on the release of the cations in water. All cations are strongly bounded to the composites which is not the case for the pristine clay mineral. NMR spectra highlighted the presence of complexes via the shifts observed for the different 24 functional groups (C-SH and COO -). Theoretical calculations are compatible with the experimental observations and allow the identification of the most stable configuration between the functional groups and the cations.
In summary, it is possible to experimentally assess the molecular-level state of cysteineheavy metals complexes, thanks to the information obtained from spectroscopic methods and theoretical calculations on these systems. A fully consistent picture of heavy metals speciation in these systems should combine information from these two sources and has not yet been reached.
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